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Abstract

Background
This study aimed to unravel the heterogeneity of cardiomyocytes and probed out hub genes and hub
pathways for cardiac hypertrophy based on transverse aortic constriction (TAC) mouse models using
single-cell RNA sequencing (scRNA-seq).

Methods
scRNA-seq data of TAC mouse models were retrieved from the GSE95140 dataset. After �ltering, cell
clusters were detected using scRNA-seq data, followed by identi�cation of differentially expressed genes
(DEGs). Then, functional enrichment analysis of DEGs was presented. GSVA scores of hub pathways
were calculated. After that, hub genes were detected by protein-protein interaction (PPI) network and
expression association analysis. Cell subtypes were clustered using UMAP and the expression patterns of
hub genes across different cell subtypes and different stages of cardiac hypertrophy were visualized.
Finally, hub genes and hub pathways were veri�ed using the GSE76 and GSE36074 datasets.

Results
Following data �ltering and normalization, 3408 DEGs were identi�ed between TAC and sham operation.
As shown functional enrichment analysis, hub pathways were identi�ed including cardiac hypertrophy,
ion transport, myocardial remodeling, apoptosis, HIF pathway and metabolise. Eight hub genes (Vldlr,
Ugp2, Tgm2, Pygm, Flnc, Ctsd, Clu and Atp1b1) with the highest degree in the PPI network and the
strongest correlation with GSVA calculated score of hub pathways were identi�ed for cardiac hypertrophy.
Six cell subtypes were clustered, composed of �broblast, CM-A, CM-V, trabecular CM and endothelial cell.
There was a distinct heterogeneity in the expression patterns of hub genes and the GSVA scores of hub
pathways across different cell clusters and different stages of cardiac hypertrophy. The hub genes and
hub pathways were externally veri�ed by the two independent datasets.

Conclusion
Our �ndings identi�ed hub genes and hub pathways for cardiac hypertrophy, which had a distinct
heterogeneity across different cell clusters and different stages of cardiac hypertrophy.

Background
Persistent cardiac hypertrophy is the dominating cause of heart failure [1]. Generally, it has been believed
that cardiac hypertrophy can be a crucial therapeutic target for chronic heart failure [2]. Cardiac
hypertrophy is usually characterized by an increase in the size of myocardial cells and thickening of the
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ventricular wall. Continuous hypertrophic stimulation (such as pressure overload [3], ischemia [4], and
hypoxia [5]) gradually transforms the compensatory response into irreversible pathological myocardial
hypertrophy, leading to cardiomyocyte apoptosis, �brosis of extracellular matrix and abnormal expression
of cardiac fetal gene expression [6]. At present, there is no effective drug therapy that can reverse the
progression from pathological cardiac hypertrophy to heart failure. It is widely accepted that active
intervention in the early stages of heart failure is an effective method to suppress pathological cardiac
hypertrophy [7]. Despite continuous improvements in the diagnosis and treatment of cardiac hypertrophy,
the mortality is close to 25% to 50% within 5 years following diagnosis [8]. Elucidation concerning the
complex signaling mechanisms during myocardial hypertrophy may accelerate the improvement in
treatment, thereby improving the quality of life of patients with cardiac hypertrophy [9]. Thus, it is urgent
and necessary to probe out novel and effective therapeutic targets for preventing and cutting down
pathological cardiac hypertrophy.

A single cardiomyocyte is the basic unit of gene regulation. Gene expression is the basis for determining
the phenotype of cardiomyocytes and cardiac function, but it is still unclear which genetic programs are
involved in maintaining and destroying the steady state of the heart. Compared to large amounts of RNA-
seq that only provide an average expression signal of millions of cells, scRNA-seq can simultaneously
analyze more than 10,000 single-cell transcriptomes, thereby characterizing novel cell clusters. Thus,
scRNA-seq can reliably identify individual cell subpopulations and reveal the unique changes foreach cell
type. Also, it can elucidate the heterogeneity of gene expression patterns in cardiomyocyte populations
between healthy and cardiac hypertrophy.

Transverse aortic constriction (TAC) surgery directly reduces the inner diameter of the aortic arch and
increases the left ventricular afterload, which is widely utilized to research pathological cardiac
hypertrophy as well as heart failure [10-12]. In this study, we identi�ed individual cardiomyocyte subtypes
and probed out hub genes and hub pathways for cardiac hypertrophy by TAC scRNA-seq. Furthermore, we
elucidated the heterogeneity of gene expression patterns at different stages of cardiac hypertrophy. Thus,
our �ndings offered novel insights into the mechanisms of cardiac hypertrophy and underlying
therapeutic targets.

Materials And Methods
scRNA-seq acquisition and preprocessing

Single-cardiomyocyte RNA-seq data were retrieved from GEO database (accession: GSE95140 dataset;
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE95140) [13]. There were 396 single-
cardiomyocyte transcriptomes from mice at the third (D3) day, the �rst week (W1), the second week (W2),
the fourth week (W4) and the eighth week (W8) following TAC or sham operation in the GSE95140
dataset on the platform of GPL17021. Furthermore, microarray data in the GSE76 dataset
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE76) were also obtained from GEO database
based on the GPL32 platform, composed of mice at 1 hour, 4 hour, 24 hour, 48 hour, 1 week and 8 week
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after pressure-overload induced cardiac hypertrophy or sham operation. Microarray expression pro�le in
the GSE36074 dataset downloaded from GEO database
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE36074) included seven mice with only
hypertrophy, seven mice that had evident heart failure following pressure overload and seven mice treated
with sham operation on the GPL1261 platform [14].

scRNA-seq clustering by Seurat

The “DropletUtils” package was utilized to detect the expression of each cell. Cells without any expression
were �ltered out. By the calculating “QC-Metrics” function in the “scater” package, the gene expression in
the cell was counted [15]. Under the screening conditions of mitochondrial gene≤5% and ribosomal
gene≥10%, the cells was further �ltered. The expression matrix of each sample after �ltering were
normalized by “NormalizeData” function in the Seurat package (version 3.0) [16]. Through the
“FindVariableFeatures” function in the Seurat package, the genes with the most obvious differences
among cells were selected. The linearly scale of the expression data was presented using the “ScaleData”
function in the Seurat package. Then, principal component analysis (PCA) was carried out by the
“RunPCA” function in the Seurat package. Principal components (PCs) with >70% large standard
deviations were selected. Using “RunUMAP” in the Seurat package, UMAP dimensionality reduction
analysis was performed. By the “FindAllMarkers” function in the “Seurat” package, differentially
expressed genes between different cells, with the threshold of log |fold change (FC)|>0.5, the expression
ratio of the cell population>0.25, and P≤0.05), thereby obtaining marker genes.

Gene Set Enrichment Analysis (GSEA)

GSEA was presented to evaluate microarray expression data at a group of gene sets [17]. The enrichment
score (ES) was �rstly calculated utilizing the Kolmogorov–Smirnov algorithm. Then, we estimated the
statistical signi�cance of ES in line with the empirical phenotype replacement test procedure. The
signi�cance level was adjusted by adjusted multiple hypothesis tests The ES for each gene set was
normalized into the enrichment score (NES). The false discovery rate (FDR) corresponding to each NES
was calculated.

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis

GO enrichment analysis was presented using “Clusterpro�ler” package in R [18]. KEGG pathway map was
visualized according to Metascape online database, a gene annotation and analysis resource
(http://metascape.org) with the threshold of overlap≥3, P-value≤0.05 and enrichment score<1.5 [19].

Gene Set Variation Analysis (GSVA)

The activation of gene sets was analyzed by GSVA utilizing the “GSVA” package in R. GSVA is a non-
parametric and unsupervised algorithm for estimating the enrichment score of hub pathways based on
each cell transcription expression matrix in the TAC model. In each cell, after assigning different groups,
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GSVA scores were calculated by the genefu package in R, which were compared by the one-way ANOVA
between multiple groups.

Protein-protein interaction (PPI) network

Genes enriched in hub pathways were extracted. Using STRING online database (version 11.0;
https://string-db.org/), a PPI network was conducted with the threshold of 0.4 [20]. The degree of each
node was calculated utilizing Cytoscape software (version 3.8.0; https://cytoscape.org/) [21]. Spearson
correlation analysis between GSVA calculated scores of hub pathways and expression levels of enriched
genes was presented. Correlation coe�cient>0.4 as well as P<0.05 was considered signi�cantly
correlated. For each hub pathway, a gene with the highest degree in the PPI network and the strongest
correlation with GSVA calculated score of hub pathway was screened out as a hub gene.

External veri�cation of hub genes and hub pathways

The expression levels of hub genes and GSVA calculated score of hub pathways were validated using
two independent datasets including GSE76 and GSE36074 datasets.

Results
scRNA-seq clustering by Seurat for cardiac hypertrophy

An overview of �owchart in this study is shown in Figure 1A. Single-cardiomyocyte RNA-seq data were
obtained from GSE95140 dataset. GSEA was used to analyze cardiac hypertrophy-related KEGG
pathways. As shown in Figure 1B, citrate cycle TCA cycle (ES=0.84, NES=1.82, p-value<0.01, Size=30),
cysteine and methionine metabolism(ES=0.60, NES=1.78, p-value<0.01, Size=32), fatty acid
metabolism(ES=0.85, NES=2.21, p-value<0.01, Size=39), lysine degradation(ES=0.73, NES=2.23, p-
value<0.01, Size=41), propanoate metabolism(ES=0.81, NES=2.08, p-value<0.01, Size=31), apoptosis
(ES=-0.33, NES=-1.20, p-value=0.04, Size=80), arrhythmogenic right ventricular cardiomyopathy (ARVC;
ES=-0.37, NES=-1.34, p-value=0.03, Size=74), dilated cardiomyopathy (ES=-0.35, NES=-1.30, p-value=0.05,
Size=85), ECM receptor interaction (ES=-0.35, NES=-1.30, p-value=0.04, Size=82) and focal adhesion
(ES=-0.40, NES=-1.50, p-value<0.01, Size=192) were signi�cantly enriched by differentially expressed
genes between TAC and sham groups. Furthermore, cardiac muscle contraction (ES=0.65, p-value<0.01,
Size=69), citrate cycle TCA cycle (ES=0.79, p-value<0.01, Size=30), fatty acid metabolism (ES=0.70, p-
value<0.01, Size=32), glutathione metabolism (ES=0.68, p-value<0.01, Size=22) and glycolysis
gluconeogenesis (ES=0.76, p-value<0.01, Size=46) could be signi�cantly related to the development of
cardiac hypertrophy according to TAC time series.

Cardiomyocytes were screened for further analysis (Figure 2A; Table S1). Then, PCA was used to select
PC with large standard deviations. Elbow diagram showed that PC was set as 12 (Figure 2B). UMAP was
used to classify these cardiomyocytes into six clusters (Figure 2C). After normalization, 3408 highly
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variable genes were screened and the top 20 genes were visualized, as shown in Figure 2D. Heat maps
depicted the top ten marker genes for each cluster (Figure 2E).

Identi�cation of hub pathways for cardiac hypertrophy

Consequently, a total of 288 markers were detected based on Wilcoxon signed rank test among the
different cell clusters (Table S2). To probe out potential biological functions of differentially expressed
genes, we presented functional enrichment analyses. GO enrichment analysis results showed that these
genes were primarily enriched in cardiac hypertrophy-related biological processes including muscle cell
development (Count=22, p-value=1.57E-14), myo�bril assembly (Count =15, p-value=4.58E-14),
ribonucleotide metabolic process(Count =28, p-value=5.57E-14), ribose phosphate metabolic process
(Count =28, p-value=9.14E-14) and cardiac muscle tissue development (Count =22, p-value=2.32E-13).
Furthermore, these genes participate in myocardial cell components such as contractile �ber (Count =25,
p-value=7.23E-18), myelin sheath (Count =23, p-value=2.14E-14), mitochondrial inner membrane (Count
=27, p-value=8.43E-14) and actin cytoskeleton (Count =20, p-value=3.95E-07). Also, they had several
crucial molecular functions like ubiquitin protein ligase binding(Count =15, p-value=4.20E-05), actin
binding(Count =16, p-value=1.86E-04), ion channel binding(Count =9, p-value=3.02E-04), iron ion binding
(Count =5, p-value=3.02E-04) and antioxidant activity(Count =7, p-value=6.84E-04) (Figure 3A; Table S3).
As visualized in the KEGG pathway map, these genes were mainly involved in cardiac hypertrophy, ion
transport, myocardial remodeling, apoptosis, HIF pathway and Metabolize (Figure 3B; Table S4). As
shown in Figure 3C, there were distinct differences in the GSVA calculated scores of these KEGG
pathways at different stages of cardiac hypertrophy compared to sham operation. Concretely, compared
to sham group, cardiac hypertrophy scores were signi�cantly higher in TAC D3, W1, W2 and W4 groups
(all p-value<0.05). However, no statistical difference was detected between sham and TAC W8 groups.
Compared to sham group, there were signi�cantly higher apoptosis scores in TAC D3, W1and W4 groups
(all p-value<0.05) not TAC W2 and W8 groups. Lower metabolise scores were found in TAC W1 and W8
groups (both p-value<0.05) not TAC D3, W2 and W4 groups than sham group. Also, our results showed
that HIF pathway scores were distinctly lower in TAC W1 and W2 groups (both p-value<0.05) not TAC D3,
W4 and W8 groups than sham group. Furthermore, compared to sham group, there were distinctly lower
ion transport scores in TAC W1 group (p-value<0.05), not TAC D3, W2, W4 and W8 groups. Myocardial
remodeling scores were remarkably higher in TAC D3, W1, W2, W4 and W8 groups than sham group (all p-
value<0.05). Figure 3D depicted that the difference of the GSVA calculated scores of these KEGG
pathways across different cell clusters.

 

Identi�cation of hub genes and their expression in each cell subtype for cardiac hypertrophy

Eight hub genes with the highest degree in the PPI network and the strongest correlation with GSVA
calculated score of hub pathways were identi�ed for cardiac hypertrophy, including Ugp2 in the
metabolise pathway (Correlation coe�cient=0.47, Degree=35), Atp1b1 in the ion transport
pathway(Correlation coe�cient=-0.43, Degree=12), Flnc and Tgm2 in the cardiac hypertrophy pathway
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(Flnc: Correlation coe�cient=0.48, Degree=22; Tgm2: Correlation coe�cient=0.43, Degree=17), Ctsd and
Clu in the apoptosis pathway (Ctsd: Correlation coe�cient=0.45, Degree=20; Clu: Correlation
coe�cient=0.42, Degree=18), Pygm and Vldlr in the HIF pathway (Pygm: Correlation coe�cient=0.47,
Degree=16 Vldlr: Correlation coe�cient=0.50, Degree=14) and Flnc in the myocardial remodeling
(Correlation coe�cient=0.46, Degree=17), as shown in Figure 4A and Table S5. Then, the six cell clusters
were de�ned as �broblast, CM-A, CM-V, trabecular CM and endothelial cell by singleR package (Figure
4B).

Additionally, Figure 4C showed that there was a high heterogeneity in expression of the eight hub genes
across different cell clusters. For example, Vldlr was up-regulated in CM-A (average expression>1.5 and
percent expressed=100) and down-regulated in trabecular CM and CM-V (average expression<-1.0 and
percent expressed=100). Compared to trabecular CM and CM-A, there was a low percentage of Tgm2
expression in �broblast, endothelial cell and CM-V (average expression>1 and percent expressed<99.0%).

Furthermore, we compared the expression patterns of these hub genes at different stages of cardiac
hypertrophy in mice. Compared to sham operation, the expression levels of Atp1b1 and Vldlr were
signi�cantly elevated in mice treated by TAC at the D3, W1, W2 and W4 (all p-value<0.05; Figure 4D). For
Clu, there were distinctly higher expression levels in mice treated by TAC at the D3, W1, W4 and W8 than
sham operation group (all p-value<0.05). Ctsd expression had an increase expression levels in mice
treated by TAC at the W2, W4 and W8 (all p-value<0.05). Compared to sham operation, both Flnc and
Tgm2 expression was notably elevated in mice with TAC at the D3, W1, W2 and W8 (all p-value<0.05).
Moreover, the expression levels of Pygm and Ugp2 were prominently higher in mice with TAC at the D3,
W1, W2, W4 and W8 than in mice with sham operation (all p-value<0.05). These results indicated that
there was a heterogeneity of expression patterns hub genes at different stages of cardiac hypertrophy.

Validation of hub gene expression and hub pathways using external datasets

Hub genes and hub pathways were validated using two external datasets (GSE76 and GSE36074). In the
GSE76 dataset, our results showed that the expression levels of Atp1b1, Clu, Ctsd, Flnc, Pygm, Tgm2 and
Ugp2 were distinctly higher in mice at 1w and 8w following pressure-overload induced cardiac
hypertrophy than those in mice with sham operation for 1w (all p-value<0.05; Figure 5A). In converse,
Vldlr had evidently lower expression levels in mice at 1w and 8w following pressure-overload induced
cardiac hypertrophy than those in mice with sham operation for 1w (both p-value<0.05). As expected,
there was no signi�cant difference in their expression between mice with sham operation for 1w and for
8w. Similar to the validation results using the GSE76 dataset, the expression of Atp1b1, Ctsd, Flnc, Pygm,
Tgm2 and Ugp2 were signi�cantly increased and the expression of Vldlr was decreased both in mice with
heart failure and only hypertrophy induced by TAC from the GSE36074 dataset (all p-value<0.05). For Clu,
there was higher expression level in mice with heart failure (p-value<0.05) not only hypertrophy than mice
with sham operation (Figure 5B).

The GSVA calculated scores of hub pathways were calculated based on the GSE76 and GSE36074
datasets. As shown in Figure 5C, the GSVA calculated scores of apoptosis, ion transport, metabolise and
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myocardial remodeling were obviously higher in mice at the �rst and eighth week after induced by
pressure overload compared to sham operation group (all p-value<0.05). Cardiac hypertrophy had a
higher GSVA calculated score in mice at the �rst week after induced by pressure overload than in mice
with sham operation for 1w (p-value<0.05). For HIF pathway, its lower GSVA calculated score was found
in mice at the �rst week after induced by pressure overload compared to mice with sham operation for 1w
(p-value<0.05). In the GSE36074 dataset, the GSVA calculated scores of apoptosis, cardiac hypertrophy,
metabolise and myocardial remodeling were prominently higher both in mice with heart failure and only
hypertrophy induced by TAC (all p-value<0.05; Figure 5D). Conversely, the GSVA calculated score of HIF
pathway was signi�cantly decreased both in mice with heart failure and only hypertrophy induced by TAC
(both p-value<0.05). Furthermore, ion transport had a distinctly lower GSVA calculated score in mice with
heart failure compared to sham operation (p-value<0.05).

Discussion
In this study, we identi�ed hub pathways and hub genes for cardiac hypertrophy using scRNA-seq, which
were veri�ed by two independent datasets. Furthermore, six cell subtypes were clustered, composed of
�broblast, CM-A, CM-V, trabecular CM and endothelial cell. A distinct heterogeneity in the expression
patterns of hub genes and the GSVA scores of hub pathways was found across different cell clusters and
different stages of cardiac hypertrophy. These �ndings revealed novel insights into the molecular
mechanisms of cardiac hypertrophy and these hub genes could become potential therapeutic targets for
cardiac hypertrophy.

Increasing evidence suggests that it is of importance to probe out the mechanisms of cardiac
hypertrophy by using scRNA-seq analysis. For instance, a previous study found that the abnormal
expression of Myh7 in cardiomyocytes following pressure overload was regulated by time through
scRNA-seq [22]. Another study reported that cardiac differentiation of human pluripotent stem cells could
depend on HOPX based on scRNA-seq analysis [23]. Furthermore, Michail Yekelchyk et al revealed the
heterogeneity between cardiomyocytes in stress-induced myocardial hypertrophy utilizing scRNA-seq [24].
In this study, we identi�ed eight hub genes (including Vldlr, Ugp2, Tgm2, Pygm, Flnc, Ctsd, Clu and
Atp1b1) with the highest degree in the PPI network and the strongest correlation with GSVA calculated
score of hub pathways for cardiac hypertrophy. Na, K-ATPase, also known as sodium pump, contains α-
and β-subunits, which served as an ion pump and a signal transducer [25]. The enzyme activity of Na, K-
ATPase and its α1, α 3 and β 1 subtypes have been con�rmed to be decreased in the human heart failure.
In this study, we found that the expression of Atp1b1 (as called Na, K-ATPase β 1) was distinctly elevated
in mice at 1w and 8w following pressure-overload induced cardiac hypertrophy compared to sham
operation mice. Moreover, its high expression was detected in mice with heart failure or only hypertrophy
induced by TAC compared to sham operation. In mice with Atp1b1 knockdown, cardiac hypertrophy as
well as myocardial contractility disorder occurred after modeling TAC [26]. Clu (as called Clusterin), has
been considered as a biomarker for heart failure. Recently, Clu expression could be activated by IGF1-PI3K
pathway both in heart tissues and cardiomyocytes, which is involved in physiological cardiac hypertrophy
as well as myocardial protection [27]. We found that Clu expression was higher in mice at the �rst and
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eighth week after induced by pressure overload. Consistent with previous study, in mice with heart failure,
the expression of Clu was notably elevated compared to sham operation. However, there was no
signi�cant difference between mice with only cardiac hypertrophy and sham operation. Our �ndings also
indicated that Clu possesses potential value as a marker for cardiac hypertrophy. Ctsd (alias: Cathepsin
D) is a lysosomal protease that maintains the homeostasis of cardiomyocytes [28]. Ctsd has been found
to be down-regulated both in myocardial tissue and blood of patient with cardiac hypertrophy [29].
Conversely, our results showed that Ctsd had remarkably higher expression levels in mice induced by
pressure overload after 1 week and 8 weeks. Both in mice with heart failure and with only cardiac
hypertrophy, the expression of Ctsd was prominently increased. Flnc (as known as Filamin C), an actin
cross-linked protein, is speci�cally expressed in myocardial tissue, which is crucial to maintain the
integrity of myocardial structure [30]. Positive expression of Flnc could response to pressure overload-
induced cardiac hypertrophy [31], which was consistent with our �ndings. Pygm (Glycogen
Phosphorylase, Muscle Associated) expression was distinctly higher in mice induced by pressure
overload following 1 week and 8 weeks. Furthermore, both in mice with heart failure and with only cardiac
hypertrophy, Pygm expression was evidently elevated. Previously, Tgm2 (Transglutaminase 2) expression
is upregulated in myocardial tissues with pressure overload, which participates in promoting ventricular
diastolic dysfunction and preventing ventricular dilation [32]. Activation of Tgm2 could contribute to age-
related diastolic dysfunction [33]. Similarly, our results suggested that Tgm2 expression was distinctly
activated in mice at the �rst and eighth week after pressure overload. Additionally, its expression was
elevated in mice with heart failure or with only cardiac hypertrophy. There is no research concerning
about Ugp2 (UDP-Glucose Pyrophosphorylase 2) on cardiac hypertrophy. In this study, Ugp2 had
signi�cantly higher expression levels both in mice at the �rst and eighth week after pressure overload. In
addition, it was validated that Ugp2 expression was elevated in mice with heart failure or with only
cardiac hypertrophy. In converse, Vldlr (very low-density lipoprotein receptor) expression was reduced
both in mice at the �rst and eighth week after pressure overload compared to sham operation. Also, its
low expression was detected in mice with heart failure or with only cardiac hypertrophy.

In this study, we identi�ed six hub pathways for cardiac hypertrophy, including cardiac hypertrophy, ion
transport, myocardial remodeling, apoptosis, HIF pathway and metabolise. Intriguingly, we found that the
activity of apoptosis, cardiac hypertrophy, ion transport, metabolise and cardiac remodeling was
distinctly increased in mice induced by pressure overload following 1 week. Conversely, HIF pathway
activity was reduced in mice at the �rst week after pressure overload. Pressure overload could promote
apoptosis of cardiomyocytes [34]. Several drugs (such as Tamarixetin [35], growth hormone releasing
hormone [36] and Resveratrol [5]) have been found to inhibit cardiomyocyte apoptosis by targeting
apoptosis-related genes. Increasing evidence suggests that cardiac ion channels such as voltage-gated
Ca2+, Na+, K+ channels are regulated by multiple factors and their loss of control could induce
arrhythmias and myocardial systolic disorders [37]. Metabolic changes play a key role in cardiac
remodeling. Metabolic-mediated gene expression changes and signal transduction are essential to the
physiological growth of the heart, while metabolic ine�ciency and disorders of coordinated anabolic
activity can induce cardiac remodeling cardiac remodeling [38]. Unlike persistent hypoxia exposure or
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strenuous exercise, severe hypoxia may place a premium on cardiomyocyte toxicity and hypertrophy [39].
It has been reported that Apigenin can reduce myocardial hypertrophy caused by pressure overload by
down-regulating HIF-1α in rat heart [40].

Our research has some limitations. scRNA-seq cannot comprehensively evaluate all transcripts in cells,
but is limited to 15%~30% of transcriptome. Moreover, the hub genes and hub pathways identi�ed by our
study are still lack of clinical and basic experimental veri�cation. However, our research clearly suggests
that there is a distinct heterogeneity between cardiomyocytes induced by pressure overload. Additionally,
these hub genes and hub pathways were veri�ed by two independent datasets to ensure the accuracy of
the results. Therefore, our research will provide valuable resources for future research on the mechanism
of cardiac hypertrophy.

Conclusion
In this study, we comprehensively analyzed scRNA-seq data from mice induced by TAC at the D3, W1, W2,
W4 and W8. Six cell subtypes were clustered, composed of �broblast, CM-A, CM-V, trabecular CM and
endothelial cell. Furthermore, we identi�ed hub pathways (including cardiac hypertrophy, ion transport,
myocardial remodeling, apoptosis, HIF pathway and metabolise) and hub genes (including Vldlr, Ugp2,
Tgm2, Pygm, Flnc, Ctsd, Clu and Atp1b1) for cardiac hypertrophy, which had a distinct heterogeneity
across different cell clusters and different stages of cardiac hypertrophy. Thus, these hub genes and hub
pathways deserve more in-depth research.
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Figure 1

An overview of �owchart (A) and KEGG pathway enrichment analysis map including TAC vs sham and
TAC time series (B).

Figure 2

scRNA-seq clustering by Seurat package. (A) Violin diagram showed that overall distribution of genes in
each cell. (B) PC with large standard deviations was identi�ed. (C) UMAP visualization following batch
correction. Cells are colored by the clusters. (D) Highly variable genes. (E) Heatmap showing the top ten
marker genes for each cluster.



Page 17/20

Figure 3

Identi�cation of hub pathways for cardiac hypertrophy. (A) GO enrichment analysis of differentially
expressed genes, including biological process, cellular component and molecular function. (B) KEGG
enrichment map. (C) The patterns of the GSVA calculated scores of KEGG pathways at different stages of
cardiac hypertrophy and sham operation. (D) The differences of the GSVA calculated scores of KEGG
pathways across different cell clusters.
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Figure 4

Identi�cation of hub genes and their expression patterns in each cell subtype for cardiac hypertrophy. (A)
Hub genes that had the highest degree in the PPI network and were strongly correlated with GSVA
calculated score of hub pathways were screened for cardiac hypertrophy. (B) UMAP visualization. Six cell
subtypes were clustered, including �broblast, CM-A, CM-V, trabecular CM, endothelial cell. (C) Dotplot of
Vldlr, Ugp2, Tgm2, Pygm, Flnc, Ctsd, Clu and Atp1b1 across different cell clusters. The size of the circle is
proportional to the percentage of the expressed gene in different cell clusters, and the shade of the color
of the circle is inversely proportional to the average gene expression level. (D) The expression patterns of
marker genes across different groups, including sham operation, TAC D3, TAC W1, TAC W2, TAC W4 and
TAC W8. #P<0.05; ns: no statistical signi�cance.
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Figure 5

Validation of hub gene expression and hub pathways for cardiac hypertrophy. (A) The expression levels
of Atp1b1, Clu, Ctsd, Flnc, Pygm, Tgm2, Ugp2 and Vldlr were veri�ed in mice at 1w and 8w following
pressure-overload induced cardiac hypertrophy and sham operation for 8w compared to sham operation
for 1w using the GSE76 dataset. (B) Validation of the expression levels of Atp1b1, Clu, Ctsd, Flnc, Pygm,
Tgm2, Ugp2 and Vldlr was presented in mice with heart failure and only hypertrophy induced by TAC
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compared to sham operation by the GSE36074 dataset. (C) Hub pathways including apoptosis, cardiac
hypertrophy, HIF pathway, ion transport, metabolise and myocardial remodeling were validated using the
GSE76 dataset according to the GSVA calculated scores. (D) Validation of hub pathways was performed
based on the GSE36074 dataset. #P<0.05; ns: no statistical signi�cance.
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